Abstract: Star copolymers of acrylamide (AM) and N,N-dimethyl-Nvinylnonadecan-1-aminium chloride (C 18 DMAAC) were synthesized by photopolymerization in water. Some properties of these star hydrophobically modified acrylamide copolymers (SHMPAM) with different C 18 DMAAC contents and the linear hydrophobically modified acrylamide copolymers (LHMPAM) in brine were characterized. The increase in C 18 DMAAC content resulted in decreased intrinsic viscosity and increased Huggins constant for SHMPAM. Similar results were observed for LHMPAM. With similar intrinsic viscosity and C 18 DMAAC content, the Huggins constant of SHMPAM was much higher than that of LHMPAM, which might be due to the fact that SHMPAM had much stronger intramolecular interaction in dilute polymer solutions. In semi-dilute solutions, the apparent viscosity of SHMPAM was increased with increasing C 18 DMAAC content, which was similar to that of LHMPAM. However SHMPAM exhibited higher apparent viscosity than LHMPAM because it had more arms and thus had more chances to form three-dimensional networks in semi-dilute solutions. In the flowinduced scission experiment, SHMPAM exhibited superior shear stability in comparison with LHMPAM. When the extensional shear rate was ≈ 40000 s -1 , the reduction ratios of the apparent viscosities of the four SHMPAMs after the scission were about 80%. In contrast, when the extensional shear rate was ≈20000 s -1 , the reduction ratio of the apparent viscosity of LHMPAM-0.40 had already reached around 80%.
Introduction
Hydrophobically modified acrylamide copolymers (HMPAM) derived from polyacrylamide containing a small fraction of hydrophobic groups [1] are widely used as thickening agents in oil recovery. The solution of HMPAM containing both polyelectrolyte and hydrophobic groups exhibit good viscosity as well as temperature and salt tolerance [2] [3] [4] . Unfortunately, like hydrolyzed polyacrylamide (HPAM), when the HMPAM solution is continuously exposed to mechanical shearing action, either by strong mechanical stirring in the process of injection allocation or by passing through capillary pores in the petroleum reservoirs, the viscosity of the polymer solution rapidly declines, indicating a rapid breakdown of the polymer molecules [5] [6] . The degradation of HMPAM is likely to be caused by the scission of molecular entanglements or by the breaking of individual molecules induced by the shear stresses associated with very high local shear rate [7] . Most HMPAMs used in enhanced oil recovery (EOR) are linear polyacrylamides (PAM). But recently, it has been confirmed that side chains of the polymer backbone can enhance its shear stability during turbulent flow; this has been attributed to sacrificial scission of the branches leading to only a small decrease in the molecular weight [8, 9] . In our previous work we have reported the synthesis of a novel class of star PAMs with different arms by photopolymerization [10] . In this paper a star HMPAM (SHMPAM) has been prepared using the same photopolymerization method and solution behaviors of the SHMPAM have been investigated. Particularly, we report an experimental study of their shear stability during elongational flow and compared the results with those of linear HMPAM (LHMPAM).
Results and discussion
The existence of C 18 DMAAC in SHMPAM was confirmed by IR spectra. As shown in Fig.1 , the absorption peak at 952 cm -1 was caused by N + in C 18 DMAAC. The polymers (abbreviation: SHMPAM-X) prepared in this study are listed in Table 1 . As shown in Table 1 , the ratio of C / N was increased with the amount of C 18 DMAAC. 
Polymer denotation
The amount of C 18 DMAAC (mol%) in the feed 
where C is the concentration of polymers in g/dL and η sp is the reduced viscosity.
The introduction of hydrophobic groups and the molecular structure showed impacts on [η] and K H . Table 2 lists the intrinsic viscosity and Huggins constant obtained by Eqn.1. The degree of linear fitting (R 2 ), demonstrating the accuracy of the application of the Huggins equation, was also included in the table. The intrinsic viscosities of SHMPAM were decreased with increasing C 18 DMAAC contents. This phenomenon was attributed to the decreased molecular weight and the intramolecular interaction that led to the contraction of polymer chains. The change of intrinsic viscosity of SHMPAM was consistent with that of LHMPAM [4, 11] . The intrinsic viscosity of SHMPAM-0.40 was close to that of LHMPAM-0.40, but the Huggins constant of SHMPAM-0.40 was much higher than that of LHMPAM-0.40. For the polymer dilute solution, the Huggins constant mainly reflects the intensity of intramolecular interaction [12, 13] . Thus the result suggested that the intramolecular interaction of SHMPAM might be much stronger than that of LHMPAM when they had the same intrinsic viscosity and were in the same solvent. 
Tab. 2. The intrinsic viscosities and

Effect of Polymer Concentration on Viscosities
Fig . 2 shows the concentration dependence of solution viscosity for SHMPAM and LHMPAM in 1.0 % NaCl solution. The viscosities of the solution were increased with increasing polymer concentrations. From the curves, it could be observed that the polymer solution viscosities were increased dramatically above a certain concentration, which corresponded to the formation of the three-dimensional network in solution for HMPAM [14] . Then above this concentration, the more the content of hydrophobic monomers in SHMPAM was, the higher the viscosities of the solutions could be observed. It was also found that when the polymer concentration was <1.2 g/L, the apparent viscosities of SHMPAM-0.40 and LHMPAM-0.40 were close to each other; whereas when the polymer concentration was >1.2 g/L, the apparent viscosity of SHMPAM-0.40 was higher than that of LHMPAM-0.40. This might be caused by the fact that there were more intermolecular interactions for SHMPAM-0.40 semi-dilute solutions, which had many arms and thus had more chances to form three-dimensional networks in solution. 
Effect of flow-induced scission on the viscosities
Reduction ratios of the apparent viscosity of SHMPAM solution after the flow-induced scission at different extensional shear rates were investigated. As shown in Fig.3 , when the extensional shear rate was < 40000 s -1 , the reduction ratios of the apparent viscosity of the SHMPAM solution were rapidly increased. While when the extensional shear rate was > 40000 s -1 , the reduction ratios of the apparent viscosity of the four SHMPAMs increased slowly and above 0.8. With the increase of the extensional shear rate, the viscosities of the solution were decreased slowly and dropped down a little. It was also found that the shear stability of SHMPAM was increased with C 18 DMAAC content. This might be also due to increased intermolecular interaction. experiments at different extensional shear rates. It was found that SHMPAM-0.40 had much higher shear stability against the flow induced scission than LHMPAM-0.40. At low extensional shear rate (≈20000 s -1 ), the reduction of LHMPAM-0.40 was already about 0.8. This result also confirmed that the star polymer had better shear stability than the linear polymer.
Conclusions
Star copolymers of acrylamide (AM) and N,N-dimethyl-N-vinylnonadecan-1-aminium chloride (C 18 DMAAC) were synthesized by photopolymerization in water. Solution behaviors of these star hydrophobically modified acrylamide copolymer (SHMPAM) with different C 18 DMAAC contents and the linear hydrophobically modified acrylamide copolymer (LHMPAM) were studied. The intrinsic viscosity was decreased while the Huggins constant was increased with increased C 18 DMAAC content for SHMPAM, which was similar to LHMPAM. When SHMPAM and LHMPAM had the same intrinsic viscosity and C 18 DMAAC content, the Huggins constant of SHMPAM was much higher than that of LHMPAM, which suggested that the SHMPAM in dilute solution had much stronger intramolecular interaction than LHMPAM. In semi-dilute solution, the apparent viscosity of SHMPAM was increased with increasing C 18 DMAAC content, which was also observed for LHMPAM. However, SHMPAM-0.40 exhibited higher apparent viscosity than LHMPAM-0.40 because it had many arms and thus had more chances to form three-dimensional networks in solution. The same viscosity behaviors of SHMPAM-0.40 and LHMPAM-0.40 solutions were observed upon the increase of temperature. During the flow-induced scission experiment, SHMPAM exhibited much higher shear stability than LHMPAM: when the extensional shear rate was ≈40000 s -1 , the reductions of the apparent viscosity of the four SHMPAM after the scission were all about 0.8; while when the extensional shear rate was ≈20000 s -1 , the reduction of LHMPAM-0.40 was already about 0.8.
Experimental part
Materials
Poly(ethylene imine) (PEI 3000, where 3000 is the weight-average molecular weight of PEI) was from Aladdin-Reagent Company. N,N-Dimethyl-N-vinylnonadecan-1-aminium chloride was from Sichuan GuangYa Polymer Chemical Limited Company, China. 2-Acetoxy thioxanthone [15] and 2-(2,3-epoxy) propoxyl-thioxanthone [16] were synthesized according to reported procedures. Other chemicals were of analytical grade except as noted.
Preparation of Star HMPAM (SHMPAM) and linear HMPAM (LHMPAM)
Thioxanthone-terminated PEIs were synthesized according to Ref [10] . They were used as the macrophotoinitiators and the concentration of the thioxanthone moiety was 15×10 -6 mol L -1 in water. Fig. 5 depicts the synthesis of SHMPAMs. Photopolymerization was performed in a rectangular beaker (150×90×30mm) by irradiating about 100 mL of water solution containing acrylamide (AM) and N,Ndimethyl-N-vinylnonadecan-1-aminium chloride (C 18 DMAAC) at 40 °C in the presence of various thioxanthone-terminated PEIs. The mass fraction of AM plus C 18 DMAAC was 30%, but the mol ratio of AM to C 18 DMAAC was different for different products. The light was generated by a high-pressure Hg lamp (500 W) and passed through a filter with a cut-off wavelength of 360 nm. The lamp was placed at a distance of 15 cm from the sample. The plot of polymerization temperature vs. reaction time is shown Fig.6 . The light intensity was measured by a Sentry Optronics Corporation 513UVAB Radiometer. At the end of irradiation, the reaction mixture was cut into small pieces and introduced into a NaOH solution (4.9 wt%, 100-200 mL). The mixture was subjected to hydrolysis without stirring at 80 °C for 4 h and then precipitated in excess ethanol. After being collected by filtration, the polymer was placed in a vacuum oven at 45 0 C for drying.
The linear hydrophobically-modified acrylamide copolymers were prepared by regular aqueous solution polymerization using ammonium persulphate as the initiator. 100 mL of water solution containing acrylamide (AM) and C 18 DMAAC was put into a beaker. The mass fraction of AM plus C 18 DMAAC was 25 wt%, and the mol ratio of C 18 DMAAC to AM was 0.4 %. N 2 was blown in the solution for 30 min and then 0.075 g ammonium persulfate was added into the solution. LHMPAM was gained after the solution reacted at 45 0 C for 4 h.
The degree of hydrolysis (sodium acrylate content) of SHMPAMs and LHMPAM was determined by the titration method according to national standard of P. R. China (The number of this standard is GB 12005.6-89).Their degree of hydrolysis were all near 30%, which was much larger the content of C 18 DMAAC in polymer. The SHMPM was analyzed by FT-IR ( Fig.1 ) and Elemental analysis (Table 1) . FT-IR spectra were recorded on a ThermoFisher Nicolet 6700 FTIR spectrometer. The samples were prepared either as KBr pellets or as liquid films between KBr discs. Elemental analysis was conducted on an Elementar Vario El III apparatus.
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Solution Preparation and Viscosity Measurement
The stock solution of SHMPAM with concentration of 0.5 g/dL in 1.2 wt% NaCl was prepared from dry samples. After mixing the dry samples with the solvent, the stock solution was stirred for 2-3 days, and then filtered using a sand filter. Finally the stock solution was diluted to the desired concentrations and equilibrated for 1 day at room temperature before use. 
Cross-Slot Flow Cell
Odell [17] invented a cross slot device to study the flow-induced chain fracture of isolated linear macromolecules in solution in 1986. Recently, Xue et al [18] made some modifications to make it more operable, and the schematic representation of this device is shown Fig. 7 .
As shown in Fig. 7a , the cross-slot flow cell was made according to the Ref [18] . Fig.  7b shows the planning of the central block with a cross-slot of width d=0.3 mm and depth l=2.5 mm. The slot length was 4 mm.
Flow-Induced Scission Experiments
The high-pressure flow system used for the high strain rate experiment is shown in Fig 7c. A SHMPAM solution (300 mL) was filled into the high-pressure reservoir. A regulated nitrogen gas pressure (0-2 MPa) was applied to the reservoir to obtain a desired volumetric flow rate (Q). The solution was lead through two opposing slots into the cross-slot flow cell, and then out through the other two opposing slots, to the collection reservoir. Q was determined from the measured flow rate. The nominal extensional shear rate ( At last, samples (20 mL each) were withdrawn from the collection reservoir to measure the apparent viscosity. The reduction ratio of the apparent viscosity was estimated by the ratio of the apparent viscosity of the polymer solution after and before the scission experiment.
